A remote-sensing payload designed for a Mars rover, to observe Martian discharge events induced by dust devils and storms, is introduced. Low-frequency electromagnetic (E-M) and acoustic wave (AW) measurements have never been performed on Mars. Thus, to date, the occurrence of large-scale electrical discharges on Mars remains unknown. These measurements are important, due to the long propagation distances (>100 km) of these atmospheric events and the potential damage incurred by Martian rover systems and future human landings. Combining E-M and AW measurements, precise distance information on dust storms and dust devils can be obtained using the velocities of light and sound, because discharges are generated by electrostatic processes in a low-pressure dusty atmosphere. Moreover, by estimating electrical conductivity using E-M waves, information on underground moisture may be obtained. The rover will also record the sounds of roaring winds, shock waves caused by meteor entries, the possible eruption of ground gases, liquid flow, and the operating sounds of the rover itself − all historic firsts for Mars exploration.
Nomenclature

B
: magnetic field c : speed of light (electromagnetic wave) Cs : speed of sound (Acoustic wave) E : electric field fc : cutoff frequency Ls : solar longitude (on Mars) P : poynting vector
Introduction
One of the goals of Mars exploration is to understand the Martian climate system. Dust is an important heat source in the Martian atmosphere and is a main driver of Martian atmospheric circulation. Dust devils play a significant role in supplying background dust to the atmosphere. 1, 2) Therefore, surface environmental studies of Mars and dust devil activity should be monitored to establish a better understanding of the dependency of dust devils on local time, season, and the surrounding atmospheric conditions.
We designed an instrument for making electromagnetic (E-M) and acoustic wave (AW) measurements on the Martian surface, which has never been done. Low-frequency E-M and AW are important for monitoring atmospheric events, because these disturbances can propagate for more than 100 km; at lower frequencies and higher amplitudes, this propagation distance could increase to more than 1000 km, depending on the frequency. An example is the infrasound shock wave propagation induced by the Chelyabinsk meteorite fall on Feb. 15, 2013 , in Russia.
3) Electrical discharges could be a hazard for instruments and human activities and constitute one of the strategic knowledge gaps (SKGs) for future Mars missions.
Combining E-M and AW measurements, precise distance information on dust storms and dust devils can be determined using two independent velocities, those of light (c) and sound (Cs), because discharges are generated by electrostatic processes in the dusty, low-pressure Martian atmosphere. Moreover, underground moisture can be located by estimating the electrical conductivity from E-M waveform measurements. The sounds of roaring wind, the shock waves of meteor entries, and sound produced by rover operations themselves would be recorded as the first Martian sounds. No one knows if there are large-scale discharge events on Mars; hence, it is a SKG imperative. The findings that could be obtained from E-M and AW measurements include statistics on the following: 1. Size distribution, life time, traverse speed, and optical thickness of dust devils as SKG for human missions 2. Local distribution of dust devils on Mars 3. Impact of dust devils on the Martian atmosphere in terms of background heating via the latent heat of dust 4. Contribution of discharged fields to the process of dust upwelling 5. Layer configuration beneath the Martian surface and possible composition/moisture information using electrical conductivity parameters from propagation path information in E-M waveforms 6. Ionospheric plasma waves, which have never been detected on the ground 7. Detection of drastic atmospheric events, such as dust storms 8. Sound profile observations of the final descent phase of landing modules 9. Shock waves caused by meteorite falls and large meteors in the Martian atmosphere 10. Possible resonance sound generated by coupling with large-scale ground structures (e.g., valleys, ridges, and volcanoes) 11. Sound in the Martian atmosphere (this would be suitable for public dissemination) 12. Sound produced by the mechanical operations of the rover or generated by a small onboard speaker as affected by the Martian ground pressure, temperature, and atmospheric conditions
Science Requirements
A consideration of the list of 12 objectives necessitates the four science requirements outlined in Table 1 . The following approaches are important for the dust and discharge-related SKGs: a. Counting dust events
The number of events is the most basic property of Martian dust events and the simplest measure of dust event activities. This is directly linked to the probability that the rover or astronauts will encounter dust hazards. b. Revealing the shape and motion of dust storms
The shape and motion of dust events are important for understanding what atmospheric phenomena govern the dust events. For example, a dust storm associated with a severe convective system or a mid-latitude front has a frontal shape near the surface. c. Revealing the spatial distribution of dust devils
We can obtain information about what atmospheric and surface conditions are appropriate for dust devil activity by visualizing the spatial distribution of dust devils. We can infer dust event activity in a remote region from this information and observations by orbiters. d. Monitoring the dependency of dust event activity on local time We can reveal the diurnal and intraseasonal variation in dust event occurrences from temporally "uniform" observations. In addition, simultaneous observations of dust devils acquired by the navigation camera on the rover enable size, dust loading, and occurrence probability estimation of dust devils precisely from E-M/AW observations. The area covered is much larger than the field of view of the camera, due to the correlation between E-M/AW signals and the diameter and dust loading of dust devils observed by the navigation camera.
Clues Regarding Detectable DC Fields and Discharges
Discharges are strongly related to the SKGs due to their catastrophic destructive effect on electric circuits, which are part of every important system on the explorer. Discharges usually occur in low-pressure atmospheres. They are often experienced just after the launch of a satellite. The out-gas period is the most dangerous operating period for onboard instruments, because these out-gases can easily induce discharges that can critically damage circuits. Discharges likely exist in the Martian atmosphere. [4] [5] [6] [7] However, discharges have never been observed during previous landing explorations. Although the Mars Global Surveyor tried to detect E-M waves coming from Martian discharges, the results were negative; the study commented that terrestrial-like discharges were 1/10,000 weaker than terrestrial events. 8) However, if the events appear 'slower' than Earth cloud-to-ground discharges, such events would radiate E-M waves in the extremely low frequency (ELF) band. At the source of a discharge, the discharge would initially generate impulsive E-M waves with a flat spectrum. As the E-M waves propagate, the higher frequency waves are attenuated, while the lower frequency waves remain at more distant sites. Such ELF waves can be reflected in the ionosphere and on the ground, and potentially propagate to the opposite hemisphere on a planet. To detect slow discharges, one needs to get below the Martian ionosphere. ELF E-M waves generated near ground level cannot reach an orbiter, because the ionosphere completely shields/reflects the E-M waves, due to the absence of a strong intrinsic magnetic field in the Martian environment. Therefore, discharge measurements and hazard assessments need to be made on the Martian surface.
Discharges on the Earth can be measured from orbit, as shown in the recent International Space Station/ Global Lightning and Sprite Measurements (ISS/GLIMS), as shown in Fig. 1 . 9) If we can put the same kind of instrumentation on a Martian rover, we could detect the Martian discharge events occurring within about 100 km, which would at least reveal their existence, the intensity, temporal, and spatial distributions around the rover, and the local time dependence. These are threshold investigations for statistics on Martian dust and discharge-related hazards. The DC electric (E) field caused by the saltation of dust is also significant for SKGs. The saltation of dust particles can create an E-field up to 166 kV/m at 1.7 cm height. 10) Such high voltages could easily be detected by a small E-field detector on the ground, but this has never been attempted. The proposed instrument can reveal surface E-field conditions on Mars. If a field of 166 kV/m existed 1.7 cm from the surface, then tiny negatively charged dust particles would be lifted by the upwelling E-field force, effectively yielding dust devils.
On the Earth, discharges producing lightning events are frequently generated when particles such as hail and ice crystals are present in clouds or when volcanic dust clouds produce volcanic lightning. Moreover, in the low-pressurize Martian atmosphere, discharges similar to the transient luminous events (TLEs) seen in the Earth's mesosphere may occur frequently.
11) A Martian environment study claimed to detect lightning hum noise at 3 GHz.
12) Such noise can be generated by lightning discharges with a flat "white noise" spectrum at the point source of the discharge. However, due to the characteristics of the propagation of E-M waves, the flat spectrum is shortened to low-frequency-rich signatures, because high frequency E-M waves are readily attenuated in the propagation process. Therefore, the detection of hum noise at 3 GHz would provide a clue for our planned observations.
Instrumentation Requirement
To observe Martian discharges, it is necessary to observe the E-field and two-axis magnetic field (B-field) over the frequency range of 0 Hz (DC) to 20 kHz to establish the directionality of discharge-excited E-M waves. Direction-finding with a 16-azimuth distribution can be realized using a fixed antenna larger than a 10-cm cube on the roof of the rover body. A combination of one vertical E-field measurement and two horizontal magnetic fields (B) measurements is essential to detect the E-M waves generated by Martian discharges; this would enable estimation of the Poynting vector (P = E × B) or energy flow vector, and, thus, the wave propagation direction.
Simultaneous AW measurement from 10 Hz up to 10 kHz is also needed for precise distant determination. The pressure of the CO2 dominant atmosphere on the ground on Mars is about 7 hPa, with temperatures as low as -120°C. Low-frequency AWs and infrasound (lower than 20 Hz, the audible limit of sound) can propagate in a similar low-pressure atmosphere in the Earth's stratosphere or mesosphere.
13)
The speed of sound (Cs) can be calculated from the atmospheric temperature and averaged mass ratio of existing molecular particles. On Mars, the temperature is lower than that on the Earth, and the average mass ratio is about 45 (95% CO 2 and 5% N 2 , Ar and other elements) versus 28.8 on the Earth (78% N 2 , 21% O 2 , 1% other elements). This suggests that the speed of sound Cs on Mars would be about 280 m/s, and the attenuation would be similar to that at an altitude of about 35 km in the Earth's stratosphere (~7 hPa atmospheric pressure). Under such conditions, sound at about 100 Hz would propagate easily, as predicted and observed in the Earth's stratosphere. 13, 14) In addition, a photodiode could detect lightning or meteor flashes, if operated at night.
Temporal resolution
The shortest reported lifetime of a dust devil is 20 s.
15)
Therefore, the temporal resolution of the observations should be less than 20 s to avoid missing small dust devils. However, this is not a problem, because the temporal resolution of the E-M/AW instrument is effectively infinitesimal.
Observation area centered at the site for > 200 km
The horizontal scale of dust storms that would accompany a strong wind system, such as a gust front or severe convections, is about 10 km, based on the scale of terrestrial thunderstorms of roughly 10 km. Meso-scale convective systems are usually 100 km in size. This scale includes the daytime convective cells that would govern the distribution of dust devils.
Continuous observation duration > 1 hour
The reported maximum longevity of dust devils is about 1900 s. 15) The time scale of severe dust storms is probably about 1 hour, as is the case of severe terrestrial storms.
Observations at local time: multiple local times
It is not necessary to operate our instrument continuously. Although dust events should be monitored at all local times, the monitoring at different local times does not have to be performed on the same Martian day. Observations at different local times may be assigned to different days. However, observations have to be assigned to different local times uniformly, as pointed out elsewhere.
15) It is also not desirable to concentrate local time observations in the early afternoon.
Accuracy
If simultaneous E-M/AW observations are made for a discharge event, the distance would be within 1 km. If the three components of the E-M waveform are observed without detecting AW, then the distance would be within 10 km. The azimuth accuracy of the direction-finding method is 20-25° or 16-azimuth determinations. If the distance separating multiple microphones on the rover is fixed at about 1 m, the difference in the arrival of sound propagated from the sound source region would be ~3 ms. This means that a sampling frequency of at least 1 MHz is required.
Simultaneous camera monitoring of dust devils
The navigation camera and our instrument should be activated simultaneously, especially during the initial statistical investigations. After establishing the statistics for dust devils and discharges, the E-M/AW observations alone may be sufficient for further statistics.
Observation period > 50 sols
One Mars year is often divided into 12 bins (Ls = 30°/bin) when seasonal or inter-annual variation is studied. In Ls, 30° corresponds to 50~60 sols, at least in the southern summer. We need a 50-sol observation period to obtain seasonal averages on the properties of dust events.
Instrumentation Design
The instrumentation block diagram is shown in Fig. 2 . E-M waves are detected as E-fields and B-fields independently, with a vertical monopole antenna and two-axis horizontal loop antennas.
16) The detected three-channel E-M wave signals are input to pre-amplifiers and then to the main receiver circuits. AW is detected with microphones. One of the three microphones is on the main circuit and the other two are on the roof of the rover body, so as to detect slight differences in the received signals to reveal the sound direction.
The acoustic signals are also input into pre-amplifiers and then sent to the main receiver circuits. Lightning flashes can be detected by a photodiode (PD) on the roof of the rover, pre-amplified, and sent to the main circuit.
Power lines and I/O lines are needed for communication with the rover Bus system computer with RS-422 interfaces. A calibration signal generator circuit produces a calibrating signal to be applied to every channel receiver circuit when ordered by a telemetry command from Earth or by a timer sequence.
Onboard processing software monitors the E-M and PD signals continuously when operating. Here, an auto-detection algorithm is applied for signal detection. If an intense signal (see Fig. 1 ) is observed with sudden enhancement in each channel, the software produces a trigger signal, and then monitors the AW signals. If sudden AW enhancement occurs within 60 s, for example, after triggering, the event dataset (time, E-field peak, B-field peaks, PD illumination peak, and distance calculated from c and Cs) is stored. For the DC offset trend, the E-field signal detected by the monopole antenna is divided between two preamplifiers, one of which is monitored at a low bit rate of 32 Hz, and then temporally averaged by the field-programmable gate array (FPGA) circuit at 1 Hz, for example. The DC field trend is effective for sensing a dust storm or large-scale dust devil.
Based on the E-M and optical observations of discharge events on the Earth related to TLEs and lightning on the ground or by the ISS/GLIMS in space, E-M measurement with one vertical E-field component with two horizontal B-field components is important for our study. The three components are necessary to enable direction finding and to obtain polarization information on discharges. Therefore, the choice of a combination of three components for E-M wave observation is natural for assessing the hazard of discharge events on Mars. AWs are also used for thunder distribution studies on the Earth. Because the difference between the speeds of light (c) and sound (Cs) is very large, the combination of E-M/AW measurements is important for precise distance measurement for each discharge event near the rover.
Optical data obtained with a PD is also important for identifying lightning in the Martian atmosphere. Although images of such discharge events are desired, a PD is sufficient as a compact instrumentation package for discharge events within the limitations of the rover. All of the proposed instrumentation has been used in previous Japanese space experiments, supporting the choice of instrumentation, which is summarized in Table 2 .
Recently, a chip-size receiver incorporating application-specific integrated circuits (ASIC) was developed for an instrument onboard a sounding rocket to be flown over Japan. 17) Given the severe environmental conditions on the Martian surface, such as temperatures down to −120ºC, a bread-board model/experimental model (BBM/EM) of the instruments needs to be subjected to environmental tests before it can be used on Mars. In 2015, two types of microphones were tested under conditions of 7 hPa in a 100% CO 2 atmosphere (although the 100% CO 2 is not the actual composition of the Mars atmosphere) and temperatures between room temperature and −120ºC, without any heaters on the BBM test board. Similar tests are needed for the future mission. 
Conclusion
The simultaneous observation of E-M waves and AWs is proposed for future Martian surface observations. With recent progress in chip-size receiver circuits, combined with an automatic-detection algorithm for onboard FPGA signal analyses for E-M/AW, a tiny onboard instrument can be developed for a future Martian rover/lander. The proposed instrument is also suitable for the engineering test mission of a small entry, descent, and landing module, with extremely small mass/volume accommodations available for instruments. This has much promise for hazards studies of the Martian environment, including atmospheric dust and discharges, for future robotic/manned missions to the red planet.
